Single standard anteroposterior radiograph-based methods for measuring cup orientation following total hip arthroplasty (THA) are subject to substantial errors if the individual pelvic orientation with respect to X-ray plate is not taken into consideration. Previously, we proposed to use a hybrid 2D-3D registration scheme to determine the postoperative acetabular cup orientation and developed an object-oriented cross-program called "HipMatch." However, its accuracy and robustness have not been fully investigated. To assess the potential factors that may affect the accuracy and robustness of the hybrid 2D-3D registration scheme in determining the postoperative acetabular cup orientation, a comprehensive validation study using a cadaver pelvis was performed. Nine X-ray radiographs taken from different pelvic positions relative to the X-ray plate and two computed tomography volumes of the pelvis with one acquired before the cup implantation and the other acquired after the cup implantation were used in the validation study. Potential factors that may affect the accuracy and robustness of the hybrid 2D-3D registration scheme were experimentally determined. Our experimental results demonstrate that (1) the plain radiograph-based method is not accurate; (2) the hybrid 2D-3D registration scheme helps to improve the estimation accuracy; (3) the hybrid 2D-3D registration scheme can robustly and accurately estimate the cup orientation even when a big portion of the radiograph is occluded; and (4) image resolution has minor effect on the estimation accuracy. The hybrid 2D-3D registration scheme is an accurate and robust method to measure exact cup orientation in THA. It holds the promise to be a valuable tool for clinical routine usage for providing evidence-based information.
INTRODUCTION
T otal hip arthroplasty (THA) has high socialeconomic impact. In developed countries including South Korea and Japan, more than 1.1 million THAs were operated in 2006 1 . Among them, more than 650,000 hip joint replacements and hip revision surgeries were performed in the European Union. USA alone contributed another 420,000 hip joint arthroplasties 1 . Proper component positioning is essential for THA in regards to both the short-term complications and long-term survival results [2] [3] [4] [5] [6] . Previous studies demonstrate that the higher rates of pelvis osteolysis, the severity of the polyethylene wear, and the component migration have all been well associated with the malpositioning of the acetabular component, and surgical experience indicates that the malorientation of the acetabular component in terms of anteversion and inclination is the major cause of dislocation [2] [3] [4] [5] [6] . It is thus very important to develop an accurate method to measure the postoperative cup orientation for a reasonable follow-up after THA. Two-dimensional anteroposterior (AP) pelvic radiograph is the standard imaging means for measuring the postoperative cup orientation [7] [8] [9] [10] . Although it has an inferior accuracy in comparison to 3D techniques based on computed tomography 7, 8 , it is used routinely because of its simplicity, availability, and minimal expense associated with its acquisition. While plain pelvic radiographs are easily obtained, their accurate interpretations are subject to substantial errors if the individual pelvis orientation with respect to X-ray plate is not taken into consideration 7, 8, 11 . For example, the increased pelvic tilt will result in significant decreases in apparent prosthetic cup anteversion and vice versa 12 . The errors resulted from the incorrect interpretation of the cup orientation affect the accuracy of studies correlating cup position to osteolysis, wear, and instability.
When a preoperative computed tomography (CT) scan is available, 2D-3D image registration methods [13] [14] [15] [16] have been introduced to measure the postoperative cup orientation with respect to an anatomical reference extracted from the preoperative CT scan, which is a plane called the anterior pelvic plane (APP) defined by the anterior superior iliac spines (ASIS) and the pubic tubercles 11, 17, 18 . In such methods, both the prosthesis and the preoperative CT scan are first registered to the postoperative X-ray image, which then allows for computing the position of the implant with respect to the APP extracted from the preoperative CT scan. Although early encouraging results are reported in several studies [13] [14] [15] [16] , the extensive application of these methods in clinical routine is still limited. This may be explained by their requirement of a computer-aided design (CAD) model of the prosthesis [14] [15] [16] , which often is difficult to be organized from the manufacturer due to the proprietary issue and by their requirement of either multiple radiographs 13, 16 or a radiograph-specific calibration 14, 15 , both of which are not available for most retrospective studies or earlier cup designs.
To address these issues, previously, we proposed a hybrid 2D-3D registration scheme 19 combining an iterative landmark-to-ray registration with a 2D-3D intensity-based registration to estimate a rigid transformation between a preoperative CT volume and the postoperative X-ray radiograph for an accurate determination of cup orientation. No registration between the prosthesis and the X-ray radiograph is required, thus eliminating the necessity of possessing the CAD models of the prosthesis. Based on this scheme, an object-oriented cross-platform program named "HipMatch" has been developed 20 . Several factors may affect the determination accuracy of our approach, including the registration strategy, the image occlusion caused by a gonadal shielding, and the resolution of the X-ray radiograph. This paper presents a comprehensive validation study of our approach using a cadaver pelvis. The questions that we would like to answer by this validation study are: (1) is it necessary to use the intensity-based 2D-3D registration? or put it in another way, is the use of the landmark-based 2D-3D registration alone accurate enough for our task? (2) Is the estimation obtained from our approach still accurate enough when part of the X-ray radiograph is occluded by a gonadal shielding? (3) What is the effect of the resolution of the X-ray radiograph on the estimation accuracy? The answers to these questions are important for the future clinical applications of our approach.
MATERIALS AND METHODS

Problem Formulation
The basic idea of determining cup orientation using 2D-3D registration can be summarized by the following equation (see Fig. 1 for details) 19, 20 :
whereñ R means the orientation of the cup measured in the postoperative X-ray radiograph coordinate system; T R CT is the rigid transformation between the postoperative X-ray radiograph coordinate system and the preoperative CT data coordinate system, and T CT APP is the transformation between the preoperative CT data coordinate system and a coordinate system defined on APP (see Fig. 1 for details). In order to know the cup orientation with respect to the APP that is extracted from the preoperative CT data (pre-op APP), Eq. 1 tells us that we can first compute the cup orientation with respect to the postoperative X-ray radiograph coordinate system and then transform it to the coordinate system defined on the preoperative APP through a transformation chain. The advantages of such a formulation include (a) the independence of a specific CAD model of the cup and (b) the elimination of a radiograph-specific calibration. The only information that we assume to know about the postoperative Xray radiograph is the image scale (pixel/mm) and the distance from the focal point to the imaging plane or to the film. As long as the postoperative radiograph is acquired in a standardized way, which is performed in a clinical routine 10 , they can be estimated by performing one-time calibration 21 .
ZHENG
The computations ofñ R and T CT APP are trivial. In this work, we use the method introduced in 9 to findñ R and the method published in 17 to find T CT APP . The challenge lies in the computation of T R CT , which is solved by the hybrid 2D-3D registration scheme 19, 20 combining an iterative landmark-to-ray registration with a 2D-3D intensitybased registration.
Cup Orientation Determination Protocol
Our cup orientation estimation protocol includes the following five steps:
1. CT data processing and landmark extraction: In this step, we first extract the surface models of both pelvis and femur from the CT volume data and then define the region of interest, which will be used in step 4 to exclude the contribution of most of the femur part to the digitally reconstructed radiograph (DRR)-an image obtained from the CT volume data by simulating X-ray projection. We then interactively extract two sets of landmarks from the CT data: (a) landmarks for measuring cup orientation, including the left and the right ASIS, and the pubic tubercles; they are used to define the APP and to compute T reference and the cone-beam projection model of the radiograph is then established as follows (see Fig. 3b for details). The intersection between the line connecting the middle of the sacrococcygeal joint and the upper border of the symphysis and the line connecting the acetabular centers is assumed to be the conebeam projection center and is taken as the coordinate origin. The central projection line is perpendicular to the radiograph plane and its opposite direction is regarded as Z-axis. 3. Landmark-based 2D-3D registration: Using those 3D landmarks picked from the CT data and their corresponding 2D landmarks picked from the radiograph, a landmark-based 2D-3D registration is performed. Such a problem is known as the perspective-n-points problem in computer vision community, and both analytic solutions and iterative solutions exist before 22 . To avoid ambiguity, we adopted an iterative strategy 23 . The estimated rigid transformation is then treated as the starting value for next step. Figure 4a shows a screenshot of our program after the landmark-based 2D-3D registration. 4. Intensity-based 2D-3D registration: The rigid transformation obtained from the last step will be fine-tuned by an intensity-based 2D-3D registration. In this work, we used a splinebased multi-resolution 2D-3D image registration scheme 24 incorporating a robust similarity measure that is derived from a Markov random field theory 25 , allowing for effective incorporation of spatial information into the intensitybased 2D-3D registration. For details about the 2D-3D image registration scheme and the robust similarity measure, we refer to the previously published works 24, 25 . Figure 4b shows a screenshot of our program after the intensity-based 2D-3D registration. 5. Cup orientation determination: In this step, we will determine the cup orientation relative to the anterior pelvic plane of the patient using Eq. 1.
Experiments
Experimental Setup
To quantitatively evaluate the estimation accuracy of our approach, a cadaver pelvis and an all- for measuring the cup orientation (α ¶ = anteversion, β ¶ = inclination) out of the AP pelvic radiograph. A line is drawn at one fifth distance of the maximum diameter |AB| and perpendicular to the major axis AB of the projected ellipse. It intersects with line AB at point C and with the visible arc of the cup projection at point D. Then, the anterversion of the implanted cup measured out of the plain radiograph is:
. b Schematic radiograph coordinate system and the cone-beam projection model established using the extracted landmarks. Fig 4. a Screenshot of our program after the landmark-based 2D-3D registration. The estimated rigid transformation is taken as the start value of the intensity-based 2D-3D registration. In this image, the top left window shows the superposition of the segmented CT surface model on the X-ray image; the top right window shows the DRR created from a down-sampled CT data; the bottom left window shows the superposition of the edges extracted from the DRR on the X-ray images; and the bottom right window shows the check board display of the DRR and the X-ray image. b Screenshot of our program after the intensitybased 2D-3D registration. The estimated cup orientation angles with respect to the APP are calculated based on the 2D-3D registration result. In this image, the top left window shows the superposition of the segmented CT surface model on the X-ray image; the top right window shows the DRR created from a down-sampled CT data; the bottom left window shows the superposition of the edges extracted from the DRR on the X-ray images; and the bottom right window shows the check board display of the DRR and the X-ray image. b polyethylene acetabular component (Charles F. Thackray, Leeds, UK) were used. Before the cup was implanted, we did a CT scan of the cadaver pelvis (pre-op CT). After the cup was implanted, we took nine radiographs by putting the pelvis in different tilt and rotation positions relative to the X-ray plate. The definitions of the tilt and the rotation as well as the acquired nine radiographs are shown in Figure 5a , b, respectively. To get the ground truth about the cup orientation relative to the anterior pelvis plane of the cadaveric pelvis, we did another CT scan of the pelvis after the Fig 5. a Definitions of the tilt and the rotation of the pelvis relative to the X-ray plate. b Acquired nine X-ray radiographs of the pelvis. c Nine X-ray radiographs with simulated occlusions.
prosthesis was implanted (post-op CT). The method introduced in 17 was used to extract the ground truth from the post-op CT scan.
Our program then reads the CT data and the Xray images in DICOM format. Both CT scans have voxel dimensions of 0.826×0.826×2 mm 3 and image sizes of 512×512×125 voxels. All X-ray radiographs have pixel dimensions of 0.143× 0.143 mm 2 and image sizes between 2,761× 2,345 and 2,990×2,462 pixels.
A gonadal shielding during diagnostic X-ray procedure is an effective way of reducing radiation dose to patient's reproductive organs to decrease the risk of genetic effects in future generations 26 . However, the utilization of the gonadal shielding also causes the occlusion of a big portion of the Xray radiograph, which poses a challenge to the intensity-based 2D-3D registration. In this paper, we investigated the effect of the gonadal shielding on the determination accuracy using simulated data created from the nine X-ray radiographs. To simulate the occlusion caused by a gonadal shielding, we intentionally set a region covering around one fifth of the valid image area of each radiograph with constant gray value as shown in Figure 5c .
To investigate the effect of the resolution of the X-ray radiograph on the determination accuracy, three groups of new images were created by downsampling each one of the original nine X-ray radiographs with three different sampling rates along each dimension: 2, 4, and 8, respectively. The resultant images have lower resolutions than the original ones, i.e., the first group has image sizes between 1,380×1,172 and 1,495×1,231 pixels; the second group has image sizes between 690×586 and 747×615 pixels; and the third group has image sizes between 345×293 and 373×307 pixels. Further down-sampling the images makes it difficult, if it is not impossible, to identify the cup projection rim from those down-sampled images.
For all experiments, we used an Intel Centrino Duo Core 2.33-GHz laptop with 4 GB of RAM. All programming was done using Visual C++ 2005 on Windows Vista; additional functionality was implemented using a cross-platform graphical user interface programming framework Qt 3.3.6 (TrollTech, Oslo, Norway). Each time, the differences between the measurement results and the ground truth were regarded as the measurement errors. All measurement errors were then input to Microsoft Excel® 2003 (Microsoft Corporation, Redmond, USA) for statistics. The significant level was chosen as α=0.01.
Experimental Studies
Using the above setup, we designed and conducted the following three studies:
1. Effect of registration strategy on the determination accuracy: The purposes of this study were twofold. First, we would like to measure the estimation accuracy achieved by each registration step. Second, we would like to know whether the use of the landmark-based 2D-3D registration alone is enough for our task. For these purposes, each time, one of the nine radiographs was used together with the pre-op CT data to determine the cup orientation relative to the anatomical reference extracted from the CT data. Three measurement results were then recorded and compared to the ground truth: (1) the measurement results using the conventional plain film techniques described in 9 ; (2) the measurement results after the landmark-based 2D-3D registration was applied; and (3) the measurement result after both the landmarkbased 2D-3D registration and the intensitybased 2D-3D registration were applied. 2. Effect of image occlusion on the determination accuracy: The aim of this study was to evaluate the effect of the image occlusion caused by a gonadal shielding on the determination accuracy. In this study, each time, one of the nine radiographs with simulated occlusions was used together with the pre-op CT data to estimate the cup orientation. The estimated results were recorded and compared to the ground truth. 3. Effect of image resolution on the determination accuracy: The purpose of this study was to evaluate the effect of the X-ray image resolution on the estimation accuracy. Each time, one of the down-sampled images from the three groups was used together with the pre-op CT data to estimate the cup orientation. The estimated results were recorded and compared to the ground truth.
EXPERIMENTAL RESULTS
The results of the registration strategy study are presented in Table 1 . Errors of 11.6°±6.8°were found for determining the anteversion (range, 1.6°t o 20.4°) and errors of 1.8°±1.7°were found for determining the inclination (range, 0.1°to 5.8°) when the conventional plain film measurement technique as introduced in 9 was used. Our findings are coincident with other recently published findings 7, 8, 11, 16 that the radiographic measurement of anteversion is unreliable. As observed in our experiment, the anteversion difference between the radiographic measurement and the ground truth depends on the pelvis orientation during the acquisition and could be almost as big as 20°. When only the landmark-based 2D-3D registration was used, the errors for estimating the anteversion were reduced to 3.7°±1.3°(range, 1.4°to 5.7°) and the errors for estimating the inclination were changed to 1.9°±1.3°(range, 0.3°to 4.2°). Using a paired two-tailed t test, it was found that the differences between the radiographic measurements of the anteversion and those obtained by applying only the landmark-based 2D-3D registration were statistically significant (p =0.0046G 0.01), while the differences for the inclination observation were not (p=0.8890.01). The results demonstrate (1) that the planar radiograph-based method 9 may be accurate for measuring the inclination, but definitely not accurate enough for measuring anteversion, and (2) that the landmarkbased 2D-3D registration can significantly improve the anteversion measurement accuracy. When both the landmark-based 2D-3D registration and the intensity-based 2D-3D registration were applied, the errors for estimating the anteversion were reduced to 1.1°±0.9°(range, 0.1°to 2.3°) and the errors for estimating the inclination were reduced to 0.7°±0.4°(range, 0.3°to 1.4°). Statistically, the differences between the measurements obtained from applying the hybrid 2D-3D registration scheme and those obtained from applying only the landmark-based 2D-3D registration were significant for anteversion observation (p = 0.00011G0.01), but not for inclination observation (p=0.02690.01). Such results demonstrate that the intensity-based 2D-3D registration helps to further improve the anteversion estimation accuracy and that for a precise estimation of the anteversion, it is necessary to use the hybrid 2D-3D registration scheme combining the landmark-based 2D-3D registration with the intensity-based 2D-3D registration. However, such an improvement is not without a cost. It took our program on average 165 s to finish the hybrid 2D-3D registration.
The estimation errors for the image occlusion study are presented in Table 2 . With the simulated gonadal shielding, the errors were slightly higher: 2.0°±1.7°for estimating anteversion and 0.7°± 0.3°for estimating inclination. When the results obtained using the original X-ray radiographs were compared to those obtained using the X-ray radiographs with simulated gonadal shielding, it was found that the differences between these two measurement results were not statistically significant (p=0.02190.01 for anteversion observation and p=0.4790.01 for inclination observation). The estimation errors for the image resolution study are presented in Table 3 . When images from the first group were used, errors of 1.2°±0.9°were found for estimating anteversion and errors of 0.6°±0.6°were found for estimating inclination. It took our program on average 22 s to finish the registrations. When images from the second group were used, the errors were changed to 1.4°±1.3°f or estimating anteversion and 0.6°± 0.5°for estimating inclination. The execution time for the 2D-3D registration was reduced to 4 s on average. Using further down-sampled images such as those from the third group, the errors were found to be 1.4°±0.9°for estimating anteversion and 0.8°± 0.6°for estimating inclination. This time, it took our program on average only 1 s to finish the 2D-3D registrations. When the results obtained using any one of the three groups of the down-sampled images were compared to those obtained using the original X-ray radiographs, none of the differences were found to be statistically significant (see Table 4 for the statistical analysis results).
DISCUSSIONS AND CONCLUSIONS
Compared to previously published studies on determining postoperative cup orientation using 2D-3D registration [13] [14] [15] [16] , the study presented in this paper is more comprehensive. The focuses of previous studies are mainly on the experimental and clinical validation of using 2D-3D registration for accurate determination of postoperative cup orientation. Thus, none of the previous studies has investigated the potential factors that may affect the accuracy and robustness of the 2D-3D registration, which will ultimately determine the postoperative cup orientation measurement accuracy, and none of the previously introduced methods [13] [14] [15] [16] has been validated on X-ray radiograph with gonadal shielding. To the best knowledge of the author, the study presented in this paper is the first one that tries to experimentally determine those potential factors. Our experimental results indicate that: (1) the landmark-based 2D-3D registration can significantly increase the estimation accuracy. However, the use of landmark-based 2D-3D registration alone is not accurate enough for our task. Intensity-based 2D-3D registration helps to further improve the estimation accuracy. (2) A gonadal shielding in the X-ray radiograph does affect the estimation accuracy. However, with the hybrid 2D-3D registration scheme, the changes on the estimation accuracy are not statistically significant. Such results demonstrate that our approach can robustly and accurately estimate the cup orientation even when a big portion of the radiograph is occluded by a gonadal shielding. (3) Image resolution has a minor effect on the determination accuracy. Such results demonstrate that we do not need an X-ray radiograph with full resolution to achieve an accurate determination of the postoperative cup orientation when the proposed approach is used, though for clinical purpose, a full-resolution X-ray radiograph will be preferred. It is suggested that we can use a downsampled X-ray radiograph together with the preoperative CT as the input to the proposed approach, which will lead to an improved run time. The lower the image resolution is, the shorter the run time will be. However, there is a trade-off between the execution time and the resolution required for a clear identification of the cup projection rim.
As a limitation of our study, one has to discuss taking the one-time postoperative CT-based measurement as the ground truth. Previously, several studies 7, 8, 27, 28 have suggested that CT-based methods seem to be the most reliable method for noninvasive postoperative assessment of the acetabular cup orientation with experienced and trained observers. Nevertheless, intra-and interobserver variability is still present 28 . However, the influence of such variability on the results could not be determined with our study setup. Furthermore, any difference in extracting the APP from the preoperative CT and from the postoperative CT would result in differences in the accuracy evaluations, even though the definition of the APP was shown to be very reproducible 29 . Another limitation of this study is that it was based on one pelvis, although we used in total 18 X-ray radiographs, with nine of them acquired from different pelvic positions relative to the X-ray plate and the other nine created with simulated gonadal shielding. Due to the small sample size, the reproducibility and the reliability of the proposed approach cannot be answered in the present study.
While accurate, the proposed approach has limitations. The first limitation is the types of the cup that can be measured by our approach. Our approach can only be applied to those cups that have a circular opening surface. Nevertheless, our approach is applicable to all types of bearings due to the fact that the method according to Pradhan 9 is used to calculate the cup version from the plain radiograph. The second limitation is that our approach in its current form is limited only to those hips that have had a CT study at some point during the treatment. However, as demonstrated by our recent work 30 , such a constraint can be totally eliminated through a statistically deformable registration of a statistical shape model of the pelvis to the X-ray image, which is solved by adapting the method that we introduced in 31 to the application context of the present paper.
In summary, compared to previously introduced methods [13] [14] [15] [16] , our approach has several advantages. Our approach does not need a proprietary CAD model of the prosthesis, and our approach does not ask for multiple radiographs or a radiographspecific calibration. Thus, our approach is more appropriate for long-term retrospective studies, which has been demonstrated by the convincing results of a recent validation study 32 . In this study, measurements on blinded and randomized radiographs of 80 cadaver and 327 patient hips were performed. When compared to CT-based measurements, our approach showed a mean accuracy of 0.7°±1.7°(−3.7°to 4.0°) for inclination and 1.2°±2.4°(−5.3°to 5.6°) for anteversion in the cadaver trials and 1.7°±1.7°(−4.6°to 5.5°) for inclination and 0.9°±2.8°(−5.2°to 5.7°) for anteversion in the clinical trial 32 . We are confident that our approach can be used retrospectively to provide evidence-based information for evaluating surgical technologies (e.g., surgical navigation) and implant design.
